Selection of Temperature-sensitive Mutants in Persistent Infection by
Parainfluenza Virus Type 3 (Accepted 15 February 1982) SUMMARY Vero cells persistently infected with parainfluenza virus type 3 (para 3) were examined for the production of temperature-sensitive (ts) mutants. After 6 months and 33 passages, ts mutants formed the great majority of the virus being shed into the supernatant fluid. Complementation studies gave evidence that the mutants shared a common lesion. Although ts mutants may play a role in the maintenance of persistent infection in this system, the mutants proved to be unstable when removed from the milieu of persistent infection. It is thus possible that their selection may be secondary to (an) unidentified factor(s) which play(s) a more primary role in the maintenance process.
In previous work (Hodes et al., 1979) , we established persistent infection (PI) of Vero cells by parainfluenza virus type 3 (para 3). The initiation of this PI appeared to have been mediated by a soluble inhibitor of virus syncytium formation. This inhibitor could not, however, be implicated as a factor in the long-term maintenance of the PI, since it could not be detected after the first few passages. Our initial investigations indicated that temperaturesensitive (ts) mutants did not seem to be involved in the maintenance of para 3 PI. However, these investigations were incomplete since we did not investigate virus populations being produced by the para 3 persistently infected cells (para 3 PI cells) beyond the sixth cell passage. Furthermore, we examined only the populations as a whole and did not select cloned subpopulations. It is well demonstrated that ts mutants can be present in virus populations and can be overgrown by virus with a wild-type (WT) phenotype in temperature-sensitivity experiments (Youngner et al., 1976) . Therefore, we elected to examine virus populations being shed into the supernatant fluid by our para 3 PI cells at the 33rd passage, some 6 months after the initiation of PI.
The Vero cell cultures used throughout these experiments (purchased from Flow Laboratories) were propagated in Eagle's minimal essential medium (MEM) supplemented with 5% foetal calf serum (FCS). Virus being shed into the supernatant fluid by para 3 PI cells (para 3 PI virus) was obtained by removing the fluid from the cultures during the 33rd passage. Fluids were stored at -70 °C prior to testing. WT virus was the Mills strain of para 3 that had been used to initiate the PI (Hodes et al., 1979) . Plaque assays for virus quantification were performed on Vero cell monolayers in 16 mm diam. wells making use of MEM containing 0.75 % methyl cellulose according to established methods (Gharpure et al., 1969) .
In preliminary experiments, the growth characteristics of the total virus populations of WT virus and para 3 PI virus were compared at permissive temperature (35 °C) and restrictive temperature (39 °C). Roller tubes containing monolayers of Vero cells were inoculated with 0.1 ml virus suspension, adsorbed for 1.5 h at 35 °C, and then washed five times with medium to remove unadsorbed virus. Tubes to be incubated at permissive temperature were sealed and placed in a forced air incubator, while those to be incubated at restrictive temperature were made water-tight with paraffin and immersed in a water-bath maintained at . When cytopathic effects were maximal at permissive temperature (usually 2 to 3 days), the cultures were harvested by two cycles of freezing and thawing, clarified, and virus yields quantified by plaque assay. WT para 3 produced identical yields at permissive and restrictive temperature, whereas total population para 3 PI virus produced 10-to 100-fold greater yields at 35 °C than at 39 °C, indicating that ts mutants had arisen during the course of PI. Identical results were observed when 32 °C and 37 °C were employed as the permissive temperatures. The WT and para 3 PI virus populations were then investigated further. Clones were isolated from both populations by the plaque-picking techniques described by Gharpure et al. (1969) , making use of MEM containing 5 % FCS and 1% agarose as the plaquing medium. At the final purification plaques were picked with a Pasteur pipette and suspended in 1 ml MEM containing 2% FCS. Purified clones were inoculated immediately on to 16 mm diam. wells for quantification by plaque assay and into roller tubes for determination of yields at 35 °C and 39 °C as described above. The remainder of the suspensions were frozen at --70 °C.
The results of temperature-sensitivity testing on the isolated clones indicated that the WT virus population was homogeneous with none of the 12 clones tested giving evidence of temperature sensitivity. By contrast, 25 out of 26 clones isolated from the para 3 PI virus population showed ts properties (ratio of yield, 39 °C/35 °C ~< 10-1), as shown in Table 1 . We felt confident in this definition of temperature sensitivity since the plaque assay in our hands is accurate to within 0.3 log units with greater than 95 % confidence limits. In the case of these clones, yield ratios 39 °C/35 °C ranged from 10 -I to 10 -7, with 20 of the 25 ts clones having ratios of 10 -2 or less and 13 having ratios of 10 -3 or less. A number of the ts clones showed remarkable enhancement of replicative potential compared with previously studied stocks.
The finding of Prasad & Mnere (1980) that some ts mutants selected during the course of PI were unstable prompted us to test the stability of our para 3 ts mutants. The ts clones were passaged serially twice in Vero cells at 35 °C, without dilution or plaque picking. Virus populations produced after the second passage were then assayed for temperature sensitivity. As indicated in Table 2 , a number of the clones gave evidence of genetic instability. Of the 25 ts clones, 12 no longer showed significantly diminished yield at 39 °C as compared with 35 °C (ts + revertants). Another two clones showed an increase of their 39 °C/35 °C yield ratios of 100-fold or greater. The remainder of the clones seemed to be genetically stable, showing no significant change in yield ratio. Those clones showing lower initial 39 °C/35 °C yield ratios did not appearto be more stable genetically as there was no significant correlation between initial ratios and post-passage ratios. Two clones showed a greater than 2 log10 increase in temperature sensitivity. Complementation studies were carried out on the genetically stable ts clones with the exception of clone 17 which showed unsatisfactory replicative capacity. Veto cell monolayers in roller tubes were doubly infected with two ts clones at an m.o.i. >/5, and adsorbed, washed, fed with medium, and incubated at both permissive and restrictive temperatures as described above. Yields of these infections at restrictive temperatures were compared with the yields of monolayers infected by the same clones singly but at twice the m.o.i. Complementation was considered to have occurred if the yield of the doubly infected monolayers exceeded the yield of the singly infected monolayers by a factor of 10 or greater. This system has been shown able to detect complementation in the case of mutants of respiratory syncytial virus (Wright et aL, 1973) . In none of the crosses with our stable para 3 mutants could complementation be demonstrated. These findings are evidence that all the ts clones selected during the course of PI share a common lesion.
Our data indicate that a familiar mechanism, namely the selection of ts mutants, may be involved in the maintenance of our PI with para 3. This appears to be the case despite the fact that the PI seems to have been initiated by a novel inhibitor of syncytium formation and is consistent with the findings in a number of other systems of PI (Youngner & Preble, 1980) . However, the instability of some of the ts mutants may be an indication that other as yet unidentified mechanisms may be operative in our system. Prasad & Mnere (1980) characterized virus populations released from Vero cells persistently infected with measles virus. Virus recovered from these cells was ts in initial testing, but a single undiluted passage at permissive temperature resulted in reversion to a WT phenotype. This finding was universal among the 20 populations of released virus that were studied. Moreover, virus isolated from persistently infected cells grown at an elevated temperature was temperature-dependent rather than temperature-sensitive: The authors hypothesized that host cell factors associated with the persistently infected state might have been inducing the temperature-sensitivity phenomenon in the absence of a stable virus genetic mutation. The authors declined to speculate on the nature of these host cell factors, and one could also invoke virus factors. For example, defective-interfering (DI) particles might have been present in the persistently infected cells and could have been co-purified with the released virus. These DI particles might selectively depress virus function at the restrictive temperature. We are currently seeking to detect DI particles in our para 3 PI ceils.
Nonetheless, our system differs from that of Prasad and Mnere (1980) in that about half of our mutants were stable after two undiluted passages at permissive temperature. Those given further passages have been stable and one selected for detailed study has retained its ts character after five passages and subclones isolated from it have also been ts. 
